INTRODUCTION
============

To investigate the mechanisms of electronic damage during femtosecond x-ray diffraction measurements from nanocrystals, we devised an experiment in which a powdered sample of crystalline C~60~ was subjected to XFEL pulses of varying intensity ([@R1]--[@R6]). When subjected to intense XFEL pulses, graphite and amorphous carbon have recently been shown to exhibit some highly unusual properties ([@R7], [@R8]). Here, we demonstrate that during interaction with a highly focused, high-energy pulse of x-rays, crystalline C~60~ undergoes a marked transition to an electronic state of lower symmetry. The experiment in which this effect was observed used a 10-keV (1.24 Å wavelength) x-ray beam, which was produced at the Linac Coherent Light Source (LCLS) ([@R1]) and focused by a Kirkpatrick-Baez (KB) mirror system to an area of less than 300-nm^2^ full width at half maximum (FWHM) with a per-pulse fluence of 7.5 × 10^11^ photons at peak power. The number of photons per pulse was estimated using the pulse energy (in mJ), and images of the beam were taken before and after the mirrors to account for reflectivity losses and beam clipping. The sample was a fixed target of C~60~ nanocrystals, each of which was comparable in size to the beam, demonstrated by the fact that each XFEL shot produced a collection of Bragg spots from a small number of differently oriented crystals. The sample was produced by crushing 99.9+% pure, macroscopic C~60~ powder ([@R9]). A layer, thin enough to be within the \~100-μm depth of focus, produced by the KB system was supported by a 10-μm-thick kapton polyimide backing. At this energy, the scattered kapton background (which primarily occurs at low scattering angles) can readily be subtracted from the C~60~ data. The sample was continuously scanned in the beam at a pulse repetition rate of 1 Hz with a pulse length of \~32-fs FWHM. The x-ray pulse duration cannot be measured directly but can be estimated from the electron bunch length, which is determined by dispersing the electrons using a rapidly oscillating field. The x-ray pulse is typically around 60% of the electron pulse length. This value was used to estimate the x-ray pulse length from the measured electron pulse length. Attenuation upstream of the sample ([Fig. 1](#F1){ref-type="fig"}) allowed the incident intensity to vary between 10 and 100% of the maximum value, permitting the introduction of intensity variations without changing samples or disrupting the vacuum conditions.

![Schematic of the experimental geometry used to collect the diffraction data.\
XFEL pulses (10 keV, 32 fs) acted as a simultaneous pump and probe when passing through the C~60~ nanocrystal powder sample, which was supported on a thin kapton film. A removable silicon attenuator upstream of the sample controlled the incident intensity and could be inserted for 10% or removed for 100% incident beam power. An aluminum attenuator (not shown) was placed directly in front of the CSPAD detector downstream of the sample to prevent the pixels from saturating. The direct beam passed through a small aperture in the CSPAD detector modules.](1601186-F1){#F1}

RESULTS
=======

Forward-scattered diffraction data ([Fig. 2](#F2){ref-type="fig"}, A to C) were collected at an estimated peak power density of 8.5 × 10^19^ W cm^−2^ when unattenuated, using the Cornell-SLAC pixel array detector (CSPAD) ([@R6]) containing 1516 × 1516 square pixels, each with an area of 110 μm^2^, placed 79-mm downstream of the sample plane. [Figure 2B](#F2){ref-type="fig"} shows an enlargement of data collected using a beam attenuated to 10% of the incident peak power, and [Fig. 2C](#F2){ref-type="fig"} shows an enlargement of the same region with the attenuator removed. The pulse energy from the LCLS undergoes significant shot-to-shot variation, where data from each attenuator setting were selected so that only the highest incident power pulses (more than 50% of the mean pulse energy) were retained. The direct beam was allowed to pass through a gap in the center of the CSPAD detector modules. Bragg diffraction data of more than 1000 single-shot measurements were summed to produce a powder pattern for both the attenuated (referred to here as "10% XFEL data") and the unattenuated ("100% XFEL data") diffraction data ([Fig. 2D](#F2){ref-type="fig"}) with a C~60~ powder outer ring resolution of around 2 Å. Synchrotron microdiffraction data were also collected at the MX2 beamline at the Australian Synchrotron (AS) using the same sample of C~60~. An incident x-ray energy of 12.905 keV (λ = 0.9607 Å) was used. Structural analysis of the data showed that the measured diffraction patterns are indistinguishable from the room temperature face-centered cubic (FCC) phase of C~60~ with the unit cell parameter *a* = 14.20(3) Å ([@R10]).

![C~60~ diffraction data.\
(**A**) Summed diffraction data from 2500 single shots recorded at 100% power. The semitransparent red circle indicates the location of one of the reflections only observed in the 100% XFEL data. (**B**) Enlarged region from (A) showing Bragg peaks at 10% power, consistent with the room temperature FCC structure. (**C**) The same region as in (B) collected at 100% power. To enhance contrast, $\sqrt{\mathit{I}}$ has been displayed. (**D**) Azimuthally averaged experimental XFEL data for 10 and 100% incident power and synchrotron data collected from the same C~60~ sample. Vertical lines indicate positions of FCC Bragg reflections. Between 20° and 28°, significant differences are observed between the synchrotron and the 10 and 100% XFEL data.](1601186-F2){#F2}

A significant dependence of the diffraction pattern on incident intensity is observed for diffraction angles for which 2θ ≥ 20°, whereas the diffraction pattern collected at lower resolution is comparatively insensitive to the incident intensity. Structural analysis shows that the 10% XFEL data and the AS powder diffraction patterns correspond to the standard room temperature FCC structure of C~60~ ([@R13]), twinned along the \[111\] direction of the crystal lattice. The twinned FCC structure is defined by the stacking sequence of close-packed (111) planes; the presence of such stacking faults leads to the displacement of Bragg reflections from their ideal positions ([@R11]). The directions of such displacements are dependent on the identity of the reflection.

The room temperature diffraction pattern of crystalline C~60~ indicates that there is no preferred orientation of the molecules in the FCC lattice because of rapid molecular rotation. The 10% XFEL data and the data collected at the AS are essentially identical and satisfy the selection rules on forbidden reflections in twinned FCC structures composed of centrosymmetric molecules (see Materials and Methods). However, the data collected at 100% peak power using XFEL pulses violate these selection rules and do not correspond to the low-temperature structure of C~60~, which involves orientational alignment of molecules in the lattice ([@R12]).

DISCUSSION
==========

The marked dependence of the Bragg diffraction pattern on the incident XFEL pulse intensity cannot be explained within the framework of the standard FCC structure. Comparison of the powder patterns for the 10 and 100% XFEL data ([Fig. 2](#F2){ref-type="fig"}, E and F, respectively) shows a clear suppression of the intensity of some peaks and a marked increase in others for the 100% XFEL data at a resolution higher than 3.5 Å (2θ ≥ 20°). These observations provide direct evidence that the scattering factors of the C~60~ molecules are modified by the XFEL pulse in a manner that preserves the translational symmetry of the twinned C~60~ crystal. The data suggest that a new, albeit transient, crystalline phase of C~60~ has been created through interaction with the nanofocused XFEL beam. Our results indicate that there is a critical incident intensity that precipitates the onset of this coherent electronic rearrangement in C~60~. From our data, we can conclude that this point lies somewhere between 10 and 100% of the incident intensity used in this experiment. The goal of future experiments conducted on this system will be to more precisely determine this threshold intensity.

The experimental conditions under which the transient state forms at the XFEL permit us to distinguish our observation from other, optically driven, ultrafast electronic phenomena in C~60~. Decoupling of the electron density from the underlying nuclear structure ([@R13], [@R14]) has previously been observed using ultraviolet spectroscopy. Other low-energy, short-range, collective electronic effects, such as giant dipole plasmon resonance, are well established in single-molecule studies ([@R15]) and small-cluster samples of C~60~ ([@R16]). However, transient, long-range, coherent modifications to the electronic structure of C~60~ crystals appear to have been neither reported nor predicted previously.

To explain the observed diffraction of C~60~ at 100% peak power, we seek to identify an electronic process involving a coherent redistribution of electron density on a femtosecond time scale. This is in contrast to a classical change in structural phase involving either the lattice parameters or the individual C~60~ molecules, which is presumed to occur on a much longer time scale. The probability of direct ionization of the outer shells in comparison to the core shells is negligible for a femtosecond XFEL pulse; inner-shell photoionization must initiate the electronic processes that follow. If we assume that inner-shell photoionization is a stochastic process and that the inner-shell vacancies remain localized to atomic centers, this process on its own would simply introduce disorder into the system and a diffuse background to the observed diffraction data. Therefore, secondary electronic events seem most likely to be driving the observed dynamical change in the electron distribution, which is the physical quantity that is probed in a diffraction experiment using a femtosecond XFEL pulse. Auger decay fills the inner-shell vacancies, ejecting a low-energy electron and creating a valence shell hole. In neutral species involving first-row elements, this process occurs on a time scale of 5 to 10 fs but is generally faster in highly ionized molecular species. Whereas inner-shell holes are regarded as localized to atomic sites, valence shell holes in ionized C~60~ are likely to be highly mobile because they are allocated to partially occupied delocalized molecular orbitals. The rapid inner-shell photoionization of the C~60~ molecules generates a strong internal electric field in the crystal, whereas the valence shells continue to be ionized by ejected photoelectrons and Auger electrons. Combined with the high mobility of holes in the valence shells of ionized C~60~ and the short duration of the interaction with the XFEL pulse, these factors all indicate that the observed effect should be attributed to a rapid and coherent redistribution of the electron distribution. After a few tens of femtoseconds have elapsed, a large number of electrons will leave the system with a large kinetic energy. This leaves the system in a highly ionized state, which inevitably leads to melting of the lattice and the formation of a plasma, followed eventually by Coulomb explosion of the ionic fragments.

We constructed a forward model for the C~60~ crystalline diffraction pattern modified by interaction with the XFEL pulse at 100% peak intensity by including both twinning of the FCC lattice and collective alignment of ionized molecules. Adding the effect of the collective alignment of the non-centrosymmetric C~60~ molecule ions (depicted in [Fig. 3A](#F3){ref-type="fig"}) to give a combined contribution from both effects provides a good match to the 100% XFEL data ([Fig. 3B](#F3){ref-type="fig"}).

![Comparing experimental and simulated data.\
(**A**) Schematic representation of the alignment of polarized C~60~ molecules. (**B**) Comparison of the 100% XFEL data and the model prediction based on the newly predicted, lower symmetry, structure. Directly below the plot are tick marks indicating the predicted model peak positions; because of the finite experimental resolution, not all of these peaks are resolved in the data. The black line shows the difference between the model and experimental data.](1601186-F3){#F3}

In conclusion, we have observed a new transient electronic phase of C~60~, which exists during the interaction of the widely studied and well-characterized fullerene C~60~ with a highly focused, 32-fs XFEL pulse. Surprisingly, the ionization of a significant fraction of the atoms in the C~60~ crystals does not, as one might expect, lead to disorder. We suggest here that it induces a different kind of ordering of the electronic structure, resulting in a significant rearrangement of Bragg peaks in the crystalline diffraction pattern. This results not in a subtle change in the diffraction data but rather in a wholesale modification that is the characteristic signature of long-range rearrangement of the electronic structure. Our interpretation of the results suggests that the effects reported here require a high degree of molecular symmetry and electron-hole mobility in the ionized state; however, it is by no means certain that similar femtosecond electronic rearrangement will be absent from structures consisting of lower-symmetry molecules. These are open questions that can only be answered through further experiments. What is clear is that the discovery of a new (transient) crystal structure for Buckminsterfullerene suggests that there exists a new class of long-range, coherent electron dynamics in crystals that can now be explored using x-ray lasers.

MATERIALS AND METHODS
=====================

We were able to accurately fit the XFEL data at 100% incident power using a modified, periodically varying molecular form factor (MFF). To construct a crystallographic model that matches the 100% XFEL data, we postulated a simple asymmetric molecular charge distribution in which the spherical electron distribution of the *m*th molecule is displaced relative to its position in the room temperature crystal structure by an amount of δ*r*~*m*~. Interaction with the XFEL pulse resulted in the ionization of the C~60~ molecules throughout the scattering volume. The resulting electric field associated with the remaining positive C~60~ ions located at FCC lattice positions induced polarization of the molecular electron density, which produced an array of electric dipoles. We assumed that this periodic distribution of electric dipoles can evolve into a stable and ordered configuration on a femtosecond time scale. Because the diffraction pattern suggests that the charge displacement has long-range periodicity, the displacements of the charge distribution will have the functional form$$\delta\mathit{r}_{\mathit{m}} = \delta\mathit{r}~\text{sin}(2\pi{\overset{\rightarrow}{\mathit{r}}}_{\mathit{m}} \cdot \overset{\rightarrow}{\mathit{T}})$$where ${\overset{\rightarrow}{\mathit{r}}}_{\mathit{m}} = \mathit{n}_{1\mathit{m}}\overset{\rightarrow}{\mathit{a}} + \mathit{n}_{2\mathit{m}}\overset{\rightarrow}{\mathit{b}} + \mathit{n}_{3\mathit{m}}\overset{\rightarrow}{\mathit{c}}$ defines the lattice vector of molecule *m* with lattice parameters *a*, *b*, and *c* and where *n*~1*m*~, *n*~2*m*~, and *n*~3*m*~ are integers. $\overset{\rightarrow}{\mathit{T}}$ is a vector that describes both the direction and assumed periodicity of the charge displacement. Within this model, we found that a periodicity of the form ↑↑ ↓↓ ↑↑ ([Fig. 3A](#F3){ref-type="fig"}) uniquely generates a diffraction pattern that matches the experimental data.

The corresponding intensity, $\mathit{I}(\overset{\rightarrow}{\mathit{S}})$, is then given by$$\mathit{I}(\overset{\rightarrow}{\mathit{S}}) = \mathit{K}\mathit{L}_{p}\left| \Phi(\overset{\rightarrow}{\mathit{S}})\sum\limits_{\mathit{m} = 1}^{\mathit{M}}~\text{exp}\left( - 2\pi\mathit{i}\overset{\rightarrow}{\mathit{S}} \cdot ({\overset{\rightarrow}{\mathit{r}}}_{\mathit{m}} + \delta{\overset{\rightarrow}{\mathit{r}}}_{\mathit{m}} \right) \right|^{2}\mathit{w}(\overset{\rightarrow}{\mathit{S}})$$where $\overset{\rightarrow}{\mathit{S}}$ is the scattering vector, *K* is an experimental scaling factor, *L*~p~ is the Lorentz polarization factor, $\mathit{w}(\overset{\rightarrow}{\mathit{S}})$ is the peak profile function, and *M* is the total number of C~60~ molecules contained within the scattering volume. $\Phi(\overset{\rightarrow}{\mathit{S}})$ is the MFF, whereas $\delta{\overset{\rightarrow}{\mathit{r}}}_{\mathit{m}}$ describes the displacement of charge from its neutral position whose direction is given by$$\delta{\overset{\rightarrow}{\mathit{r}}}_{\mathit{m}} = \delta\mathit{r}_{\mathit{m}}\frac{\overset{\rightarrow}{\mathit{T}}}{|\overset{\rightarrow}{\mathit{T}}|}$$We note that in the limit \|δ**r**~*m*~\| → 0, [Eq. 2](#E2){ref-type="disp-formula"} reduces to the intensity formula used to calculate the room temperature C~60~ diffraction pattern.

This structural interpretation of the C~60~ XFEL data requires neither a change in lattice parameters or symmetry of the lattice nor the relocation of the atomic positions. [Figure 3B](#F3){ref-type="fig"} shows that this model accurately describes the significant reduction of intensities of the reflections associated with the FCC lattice observed in the 100% powder diffraction data, as well as the appearance of additional reflections over the range of data collected. All peaks predicted by this model were observed in the experiment. Below 5°, the x-rays passed through the central aperture of the detector, whereas above 30°, no more diffracted intensity from C~60~ was measured above background.

In our model, we required a sufficient level of ionization to match the experimental data. The process was initiated by the interaction of the femtosecond XFEL pulse with the crystalline C~60~, which is dominated (by around two orders of magnitude) by inner-shell (1*s* orbital) photoionization. In the 100% intensity case, we estimated that, assuming a 300 × 300--nm focal spot size and 10^12^ photons per pulse, every molecule in the crystal is ionized at least once within a few femtoseconds. This estimate suggests that the level of inner-shell photoionization required by our model can occur on a time scale much shorter than the Auger lifetime of 10 fs.
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